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Abstract 
Lightweight metal matrix composites have attracted a great attention for their technological 
application such as aerospace, automotive, or sporting goods, and the multifunctionality of these 
composites will further expand the range of applications. In this work, a kind of lightweight 1-3 
magnetostrictive FeCo/AlSi composites was investigated to evaluate the effects of the specific 
structure design and reverse magnetic field on energy conversion under compression. The 
microstructure of the FeCo/AlSi composite before compression was observed, and the results indicate 
that there is a great bonding interface, which has the benefits of the strain/stress transfer. Compared 
with the FeCo/AlSi composite with straight FeCo wire, a design with the twisted FeCo wire 
significantly enhances the output performance of the magnetostrictive FeCo/AlSi composite. On the 
other hand, the comparison of the output voltage for the FeCo/AlSi composite in the N-S model 
(forward magnetization) and N-N model (reverse magnetization) reveals that the reverse 
magnetization can improve the efficiency of the energy conversion notably. In addition, the results of 
the output voltage in the theoretical calculation are virtually consistent with that in practical 
measurement. This research not only proposes a relatively accurate theoretical analysis on the output 
performance of the FeCo/AlSi composite but also offers a feasible design for further improve the 
efficiency of the energy conversion for the magnetostrictive wire metal matrix composites.  
 





Magnetostrictive materials have been gaining noteworthy consideration in sensors, actuators and 
energy harvesters following the development of the Internet of Things (i.e., IoT). In particular, 
traditional power supplies such as batteries are characterized by several disadvantages of recharge 
and short lifespan, which are inevitable to hinder the further technical revolution in this field [1-3]. 
There are a series of imminent challenges that not only solve the power supplies with long-lasting 
lifetime and miniaturization but also improve the performance of sensors and actuators with high 
sufficient energy conversion, signal transmission and stability [4, 5]. The magnetostrictive materials 
that have been widely studied over the last decades offer a promising alternative for solving these 
problems. Following the development and improvement in processing technique and composition 
change, many magnetostrictive materials including their composites with excellent magnetostrictive 
properties have been successfully fabricated, which provides expecting feasibility for these materials 
that were employed in smart detective components and self-powered microsystems [6, 7].  
 
Several primary magnetostrictive materials have been systematically investigated, such as TbDyFe 
alloy (Terfenol-D), FeGa alloy (Galfenol), iron-cobalt alloy (FeCo), etc.  Terfenol-D is considered as 
a promising candidate in sensors, actuators and energy harvesters at the beginning, because of its 
excellent magnetostriction. However, the extreme brittleness and low cost-effectiveness constrain its 
further large-scale application, especially in portable equipment. To solve those problems, a series of 
polymer-matrix composite doped by Terfeno-D were prepared [8-11]. The ductility of these 
composites indeed has an improvement in a way but at the expense of the dramatic decrease in 
magnetostrictive properties. In addition, the rare-element-dependent feature for Terfenol-D is 
difficult to reduce the production cost for wide industrialization. On the other hand, Galfenol alloy 
has been attracting considerable attention in consideration of its metal-like properties and relatively 
great magnetostriction [12, 13]. Nevertheless, sophisticated processing is necessary for the Galfenol 
alloys to obtain the appropriate microstructures and phases. In addition, it is difficult to form this kind 
of material into certain specific sizes, especially for thin plates and wires. Considering the relatively 
high cost of raw materials, Galfenol alloy is unsuitable in widespread industrialization, especially for 




FeCo alloys are good candidates for energy harvesting materials due to their advantages of low cost 
and abundance compared to those of Terfenol-D and Galfenol although the magnetostriction is small 
[14]. In addition, FeCo alloys exhibit high strength, ductility, and excellent workability, allowing easy 
fabrication of FeCo wires. In recent years, it was shown that the embedding of the FeCo wires in a 
polymer matrix leads to magnetostrictive composite materials with enhanced inverse 
magnetostrictive effect [15-19].  
 
All of the above-mentioned studies have focused on composite materials in which magnetostrictive 
FeCo wires are embedded in the epoxy alloy matrix. On the other hand, lightweight metal matrix 
composites have received wider attention in modern industries due to their outstanding properties 
including low density and high strength. To the author's knowledge, very little research has been 
done on the design and evaluation of lightweight metal matrix composites with inverse 
magnetostrictive effect. 
 
The majority of researchers has been focusing on the composite design and composition change to 
improve the magnetostrictive and/or comprehensive properties in recent years. However, these 
methods only obtain limited improvement but at the expense of a reduction in several primary 
properties and an increase in the cost of raw materials and processing. In contrast, certain appropriate 
structural design can obtain relatively great magnetostrictive properties or energy-harvesting 
performance, even using common materials. It has been reported [20] that localized stress 
concentration introduced by a notch-like structure has the benefits of amplifying the energy 
conversion or magnetostrictive properties. Besides, a multilayered composite involving positive and 
negative magnetostrictive materials can enhance the magnetostrictive properties for each other [21].  
 
In this study, a magnetostrictive material FeCo, which has comparable magnetostriction to Galfenol 
alloy but greater machining properties and cost-effectiveness, is employed. A lightweight 
magnetostrictive wire metal matrix composite is fabricated, and the effects of specific structure and 
reverse magnetization on the mechanical-magnetic energy conversion are then systematically 
investigated. The advantage of this study is that it provides magnetostrictive functionality with a very 
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small amount of FeCo wire to maintain the lightweight of the composites. Combing with the finite 
element analysis (i.e., FEA), this work aims to offer a calculation method to predict the efficiency of 
energy conversion. This work can not only provide insights into the mechanism responsible for the 
mechanical-magnetic energy conversion but also offer a particular design concept for further 
improving the magnetostrictive properties or harvesting energy performance.  
 
Experimental procedure 
A class of lightweight magnetostrictive wire composite was prepared in this work. The abundant 
Fe30Co70 at% alloy is employed, which has the comparable magnetostriction to Galfenol alloys but 
greater comprehensive properties. The matrix of the composite is a kind of AlSi alloy (i.e., AC3A, 
Japanese industrial standards, see Table 1). To fabricate the composite, initially, the FeCo wires with 
a diameter of 0.5 mm, after undergoing hot- and cold-rolling, were embedded into the AlSi metal 
liquid under a compression 22 MPa at 700 ℃ for 1 hour.  Following this, the composite was solidified 
at an Ar protective atmosphere until room temperature, and the entire cooling process is 
approximately 1 hour. Eventually, the FeCo/AlSi composite underwent a cooling treatment in the air 
for about 30 minutes. The final FeCo/AlSi composite was processed into a cylinder with a diameter 
of 10 mm and a length of 40 mm. According to several previous studies [20, 22, 23], a specific shape 
for magnetostrictive materials has the benefits to enhance the efficiency of energy conversion. 
Therefore, it should be noted here that the employed FeCo wires are not the straight but twisted shape, 
as shown in Fig. 1(a). The experimental samples and twisted FeCo wires are shown in Fig. 1(b). The 
relevant variables such as the volume fraction, cross-sectional area of the FeCo wires with the whole 
composite are listed in Table 2, where the superscript f represents the FeCo wire. Here the volume 
fraction of the twisted FeCo wire is 0.025 in the composite. It is quite low. This is because the purpose 
of this work is to make a light Al alloy have an inverse magnetostrictive effect with a small amount 
of FeCo wire. For the composite with the straight FeCo wires, the effect of volume fraction on the 
energy conversion was discussed in detail [23].  
 
Fig. 2 (a) illustrates the schematic for the energy harvesting setup during compression. The pickup 
coil with 1.1  105 turns and 6.11 k was connected with a data logger to determine the output voltage 
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in response to the compression. The experiment of energy conversion was conducted in a uniaxial 
cyclic compression for the FeCo/AlSi magnetostrictive composite at five times as shown in Fig. 2(b). 
The compressing load was controlled at constant crosshead velocities of dδ/dt = 0.25, 0.5, 0.75, 1.0 
and 2.0 mm/s, where δ and t represent the crosshead displacement and experimental time, respectively. 
Two distinct bias magnetic fields of 365 and 495 mT provided by the external magnets were used in 
this work to examine the effect of bias magnetic field on the output performance. Here, it must be 
emphasized that the magnetization mode for the bias magnetic field is classified into N-S (forward 
magnetization) and N-N (reverse magnetization), respectively. In more detail, N and S denote the 
magnetic pole within the magnets. The difference in these two modes is the specific magnetic poles 
of the magnets which are connected with the FeCo /AlSi composite. On the other hand, in view of 
the process of solidification for the FeCo/AlSi, the element analysis and microstructure observation 
were carried out through the energy-dispersive detector (EDS) and scanning electron microscopy 
(SEM), respectively.   
Theoretical calculation  
Theoretical analysis is employed in this work to provide insights into the explanation of the energy 
conversion during compression for the magnetostrictive FeCo/AlSi composite. In general, an accurate 
theoretical model, especially in the quantitative calculation, is beneficial to offer feasible and time-
saving guidance not only for composite design but also for performance prediction. To enable the 
calculation of the energy-conversion performance for the FeCo/AlSi composite, two constitutive 
equations describing the mechanism of mechanical-magnetic conversion is given as follows [24, 25]: 
 = 𝑠𝜎 + 𝑑′𝐻,                                                                (1) 
𝐵 = 𝑑′𝜎 + 𝜇𝐻,                                                               (2) 
where 𝜎  and  denote the stress and strain, 𝐵 and 𝐻 represent the magnetic induction and magnetic 
field intensity, and 𝑠, 𝑑′  and 𝜇 are the elastic compliance, magnetoelastic constant and magnetic 
permeability, respectively. On the other hand, the effect of residual stress on energy conversion has 
also been taken into account in view of the specific structure of FeCo wires and thermal treatment. 
The magnetoelastic constant is therefore can be further described by 
𝑑′ =  𝑑 + (𝑚 + 𝑟𝜎0)𝐻,                                               (3) 
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where 𝑑  is the piezo-magnetic constant, and the constant 𝑚  denotes the magnetostrictive strain 
produced by per unit external magnetic field. The symbol 𝑟 is a constant that physically denotes the 
coupling magnetostrictive strain produced by per unit external magnetic field under per unit internal 
stress [23, 26]. In addition,  𝜎0 represents the residual stress within the FeCo wire. 
 
The Rectangular Cartesian coordinates xi (O-x1, x2, x3) are utilized here, and the easy axis to be 
magnetized for the FeCo wire is assumed along with x3-direction, namely, the direction of length. In 
this case, the longitudinal magnetostrictive deformation mode (33) is primary [27]. Thus, the x3-
component of the magnetic field intensity is virtually responsible for the whole variation of the 
magnetoelastic constant during compression. As a sequence, the three-dimension model can be 
simplified as a one-dimensional model only along the x3-direction. Hence, the constitutive equations 





f + (𝑚 + 𝑟𝜎0)𝐻3
f }𝐻3
f ,                                          (4) 
𝐵3
f = {𝑑33




f ,                                          (5) 
where 33
f , 𝜎33
f  are the components of strain and stress tensor, 𝐵3
f  and 𝐻3
f  denote the components of 
magnetic induction and magnetic field intensity vectors, and 𝑠33
f , 𝑑33
f  and 𝜇33
f  are the elastic 
compliance, piezo-magnetic constant and magnetic permeability, respectively. In general, it is 
commonly believed that the bias magnetic field H0 = B0/μ0, where μ0 = 1.26  10-6 H/m is the magnetic 
permeability of free space, is far greater than the induced magnetic field intensity stemming from the 




















f + 𝐵0,                                             (7) 
Here, the strain tensor component 33
m  and magnetic induction vector component 𝐵3
mof the AlSi 
matrix are given by  
33
m =  𝑠33
m 𝜎33
m , 𝐵3
m =  𝜇0𝐻3
m,                                                       (8) 
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where the superscript m denotes the AlSi matrix. Following this, it is assumed that there is a perfect 
bonding interface between the FeCo wire and AlSi matrix, namely, 𝑠33
f  = 𝑠33
m . Besides, the 
components of the stress tensors of the FeCo wire and AlSi matrix are uniform in consideration of 
the transverse isotropy of the representative volume element in calculation. The mean stress 𝜎33
0  is 
therefore can be described by  
𝜎33
0 =  𝜎33
f 𝑣f +  𝜎33
m (1 − 𝑣f),                                                    (9) 
 Here, the 𝜎33
0  is equivalent to the stress imposed by the compression on the FeCo/AlSi composite 




















,                  (10) 
where N denotes the turns of the pickup coil. The main properties of the FeCo wire and AlSi matrix 
used in this simulation have been listed in Table 3. The residual stress 𝜎0 within the FeCo wire can 
be calculated by three-dimensional FEA. The three-dimensional constitutive equations and the 
relevant properties of FeCo alloy associated with the calculation for FEA can be found in Ref. [20].  
 
Results and discussion 
The SEM observation and EDS element analysis for the magnetostrictive FeCo/AlSi composite were 
performed to characterize the interface between FeCo and AlSi that plays a vital impact on the energy 
conversion. Fig. 3(a) illustrates that the interface between these two alloys has a zigzag boundary, 
which has the benefits of strain/stress transfer, even enhance the stress concentration along with the 
interface. As described above, stress concentration can intensify the magnetic induction variation in 
a way, namely, it can improve the efficiency of energy conversion significantly. On the other hand, 
combining with the EDS element analysis (see Fig. 3(b)), it is evident to identify the presence of the 
element diffusion around the interface of the FeCo and AlSi alloys. As a result, it is reasonably 
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believed that there is a great bonding interface between the FeCo wire and AlSi matrix both in 
physical and chemical.  
 
The comparison of the output performance of the composites with the twisted and straight FeCo wires 
for the N-S model is shown in Fig. 4(a), which plots the output voltage Vout versus velocity d/dt. 
Here, it must be emphasized that these two kinds of composites have identical dimensions, such as 
sample diameter, sample length and FeCo volume. It is obvious that the composite with the twisted 
FeCo wires has a greater output performance than that with the straight FeCo wires. This phenomenon 
is attributed to the localized stress concentration around the FeCo and AlSi interface that leads to a 
faster variation in magnetic induction, then giving rise to the greater output voltage. On the other 
hand, differing  from the common magnetization model N-S, the N-N magnetization model is 
proposed in this work to analyze the effects of  the magnetization direction on the output performance. 
It should be noted here that the employed sample is only the composite with the twisted FeCo wires 
in this comparison. Fig. 4(b) indicates that the output voltage of the FeCo/AlSi composite in the N-N 
model is far greater than that in the common N-S model at every crosshead velocities. According to 
the common consensus, the bias magnetic field in the N-N model is lower than that in the N-S model. 
It seems that the lower bias magnetic field is responsible for this phenomenon. To identify the 
assumption mentioned above, the output voltages of the FeCo/AlSi composite (twisted FeCo wires) 
at different bias magnetic fields are compared, as shown in Fig. 4(c). It reveals that the output voltage 
of the FeCo/AlSi composite at the powerful bias magnetic field is greater than that at the weak bias 
magnetic field. Namely, the lower bias magnetic field is not the real reason resulting in the greater 
output voltage in the N-N model. Besides, it can be also observed that the increments of the output 
voltage in the N-S and N-N models at different crosshead velocities decline with the increasing 
crosshead velocities, see Fig. 4(d).  
To enable a better understanding of the difference in the output voltage between the N-S and N-N 
models, it is necessary to identify the mechanism responsible for the magnetic induction variation 
related to the output voltage. In general, the magnetic induction variation stems from the rotation of 
the magnetic domain and/or the motion of the magnetic domain wall. As a result, the change of 
magnetic domain within the FeCo/AlSi composite under compression is crucial for the analysis with 
regard to the mechanism on this phenomenon. Fig. 5 illustrates the difference in domain rotation in 
N-S and N-N models. Here, the arrows in these figures show the magnetic induction vector. The bias 
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magnetic field in the N-S model always forces the inner magnetic domain to rotate to an identical 
unidirectional. However, in the N-N model, the magnetization within the composite, especially close 
to the surface of the magnet, exhibits reverse magnetization direction. In the powerful area of the bias 
magnetic field, an area close to the surface of the magnet, there is usually no obvious difference for 
the FeCo/AlSi composite in the magnetic induction variation under compression, even the reverse 
magnetization. The significant difference appears in the area with relative weak magnetization, 
namely, the middle parts of the FeCo/AlSi composite. In more detail, the rotation of the magnetic 
domain always needs the energy to overcome the energy barrier. In addition, the energy barriers for 
most magnetic domains differ. Even for the same magnetic domain, the energy barriers rotating to 
the different directions are also different. In this case, the middle area within the FeCo/AlSi composite, 
magnetized by a relative weak bias magnetic field, shows the difference in magnetization in the N-S 
and N-N models. First, in the N-S model, because of the energy barrier, the rotations in terms of the 
N-S direction exhibit different rotation angles deviating from the vertical direction, that is, the 
magnetization direction.  On the other hand, in the N-N model, the middle area, with reverse bias 
magnetic fields, can offer the optimal rotation direction with the lowest energy barrier for every 
magnetic domain, among these two directions. Namely, the magnetization angle is more close to the 
vertical direction for the most magnetic domain within in FeCo/AlSi composite in the N-N model. 
Besides, the compression always forces the magnetic domain to rotate to the direction that is 
perpendicular to both the compression and bias magnetic field. During the process, the rotation of the 
magnetic domain leads to the magnetic induction variation, and then generates the output voltage. In 
this way, the original magnetization angle, as shown in the insets of Fig. 5, plays a vital role in the 
output voltage. As a consequence, the reverse magnetic field can provide optimal magnetization 
among two directions in the N-N model, especially in the middle area within the FeCo/AlSi 
composites. This is the real reason responsible for the greater output voltage in the N-N model. In 
addition to the rotation of the magnetic domain, the motion of the magnetic domain wall also results 
in the magnetic induction variation. It is also can be explained through the energy barrier with respect 
to the motion of the magnetic domain wall. Namely, the reverse magnetic field has the benefits of the 
motion of the magnetic domain wall in the optimal direction. Thus, the detailed explanation is omitted 
here. In conclusion, the reverse magnetic field in the N-N model can lead to the optimal magnetization 
in the rotation of the magnetic domain and/or the motion of the magnetic domain wall, then giving 
rise to the greater output voltage, compared with the N-S model. Here, the effects of the reverse 




A promising approach to calculate the output voltage for the 1-3 magnetostrictive FeCo/AlSi 
composite is also proposed in this study. Here, a comparison of the output voltages for the FeCo/AlSi 
composite in calculation and measurement is shown in Fig. 6. According to the equation (10), the 
residual stress 0 of approximately 4.18  105 Pa within the FeCo wires before compression has been 
considered through the FEA (see Appendix) and the corresponding coefficient r is about 2.73  10-19 
m2 A−2 Pa−1. In Fig. 6, the stress-rate d𝜎33
0 /d𝑡 is used to evaluate the output voltage in terms of the 
equation (10). The dashed line here represents the results of the output voltage in the calculation, 
which is virtually in great agreement with that in measurement in the N-S model. However, due to 
the presence of the RMF enhancement in the N-N model, the results in the N-N model are greater 
than that both in the calculation and N-S model. As a consequence, it can be well demonstrated that 
the theoretical calculation can predict the output performance of the magnetostrictive FeCo/AlSi 
composite, especially in the N-S model.  
 
Conclusions 
A kind of lightweight 1-3 magnetostrictive FeCo/AlSi composite with the twisted FeCo wires was 
fabricated in this study. The relevant microstructure exhibits that there is a great bonding interface 
both in physical and chemical. A specific design, the twisted FeCo wires, is beneficial to induce the 
localized stress concentration, then giving rise to a great output performance. A theoretical calculation 
to predict the output voltage for the FeCo/AlSi composite is also proposed in this work, and it is in 
good agreement with the results in the N-S model. On the other hand, through the comparison with 
the common magnetization model N-S, the N-N model for the FeCo/AlSi composite exhibits the 
greater performance in energy conversion owing to the effect of the reverse magnetic field. In this 
case, this work not only offers an accurate theoretical calculation for the output performance in the 
N-S model, but also provides a feasible concept for the design of the magnetostrictive composites to 
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The details of the FEA to simulate the residual stress 𝜎0 are described below. A three-dimensional 
FEA is employed here to calculate the residual thermal stress within the FeCo wires during heat 
treatment, owing to that the thermal residual stress resulting from the varying temperatures has an 
effect on domain rotation and/or domain wall motion. To correspond to the practical experiment, the 
simulation procedure is divided into three process: (1) the FeCo/AlSi composite is heated from 25 ℃ 
to 700 ℃; (2) following this, the specimen is cooled to 25 ℃; (3) finally, remove the protective 
atmosphere and compressing pressure 22 MPa. The constitutive equation can be expressed as  
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where  = T – TR is the temperature change for the stress-free reference temperature TR, and 
j (j = f, 










 are the elastic compliance. The 


























Table 1 Composition of the AlSi alloy 
Elements Al Si Cu Mg Zn Fe Mn 
Wt. % >80.00 10.00 0.25 0.15 0.30 0.8 0.35 
 
 









FeCo/AlSi 0.025 1.96 10 40 
Note: vf and 𝐴f denote the volume fraction and whole cross-sectional area of the FeCo wires. 
 
 
















13 5.5 0.125 0.0123 37.7 0.34 
Note: m denotes the Poisson’s ratio.  
 
 
Table A1 Relevant calculation parameters of the FeCo wire and AlSi matrix 




α (10-6/K) 𝑠11 𝑠33 𝑠44 𝑠66 𝑠12 𝑠13 
FeCo 5.5 5.5 14.3 14.3 -1.65 -1.65 11.9 















































































Fig. 4 Comparisons of the output voltage for the FeCo/AlSi composite in different (a) processed 
FeCo wires, (b) models and (c) bias magnetic fields; (d) Increments of the output voltage at 





















































Fig. 6 Comparison of the output voltages for the FeCo/AlSi composite between the experiment and 
calculation  
